Thermal transport in individual atomic junctions and chains is of great fundamental interest because of the distinctive quantum effects expected to arise in them. By using novel, custom-fabricated, picowatt-resolution calorimetric scanning probes, we measured the thermal conductance of gold and platinum metallic wires down to singleatom junctions. Our work reveals that the thermal conductance of gold single-atom junctions is quantized at room temperature and shows that the Wiedemann-Franz law relating thermal and electrical conductance is satisfied even in single-atom contacts. Furthermore, we quantitatively explain our experimental results within the Landauer framework for quantum thermal transport. The experimental techniques reported here will enable thermal transport studies in atomic and molecular chains, which will be key to investigating numerous fundamental issues that thus far have remained experimentally inaccessible.
T he study of thermal transport at the nanoscale is of critical importance for the development of novel nanoelectronic devices and holds promise to unravel quantum phenomena that have no classical analogs (1) (2) (3) . In the context of nanoscale devices, metallic atomic-size contacts (4) and single-molecule junctions (5) represent the ultimate limit of miniaturization and have emerged as paradigmatic systems revealing previously unknown quantum effects related to charge and energy transport. For instance, transport properties of atomic-scale systems-such as electrical conductance (6) , shot noise (7, 8) , thermopower (9) (10) (11) , and Joule heating (12)-are completely dominated by quantum effects, even at room temperature. Therefore, they drastically differ from those of macroscale devices. Unfortunately, the experimental study of thermal transport in these systems constitutes a formidable challenge and has remained elusive to date, in spite of its fundamental interest (13) .
Probing thermal transport in junctions of atomic dimensions is crucial for understanding the ultimate quantum limits of energy transport. These limits have been explored in a variety of microdevices (14) (15) (16) (17) (18) , where it has been shown that, irrespective of the nature of the carriers (phonons, photons, or electrons), heat is ultimately transported via discrete channels. The maximum contribution per channel to the thermal conductance is equal to the universal thermal conductance quantum G 0,Th = p
T/3h, where k B is the Boltzmann constant, T is the absolute temperature, and h is the Planck's constant. However, observations of quantum thermal transport in microscale devices have only been possible at sub-Kelvin temperatures, and other attempts at higher-temperature regimes have yielded inconclusive results (19) .
The energy-level spacing in metallic contacts of atomic size is of the order of electron volts (i.e., much larger than thermal energy); therefore, these junctions offer an opportunity to explore whether thermal transport can still be quantized at room temperature. However, probing thermal transport in atomic junctions is challenging because of the technical obstacles in reproducibly creating stable atomic junctions while measuring the miniscule heat currents flowing through the atomic chains. We present an experimental platform that allows us to measure the thermal conductance of metallic wires down to the single-atom limit. With this technique, we were able to observe quantized thermal transport at room temperature. Specifically, we developed an approach that uses custom-fabricated calorimetric scanning thermal microscopy (C-SThM; Fig. 1 ) probes, which feature a very large thermal resistance (R P ≈ 1.3 × 10 6 K/W) and high-resolution Pt thermometers with a temperature resolution (DT min ) of~0.6 mK in a 10-Hz bandwidth (20) (21) (22) . These characteristics enable thermal conductance measurements with~25-pW/K resolution when a temperature bias of~20 K is applied across atomic junctions. We achieved the large thermal resistance by incorporating long, T-shaped beams with a small cross-sectional area, which also enable a very high stiffness (>10 4 N/m in the normal direction) (20) . Both of these features are critical for accomplishing atomic junction thermal measurements. The C-SThM probes also have a sharp metallic tip that we coated with Au or Pt, but which can also be coated with other metals (20) .
Our strategy for quantitatively measuring the thermal conductance of atomic junctions is depicted in Fig. 1A . We heated the Au substrate to a temperature T S = 315 K while the probe was connected to a thermal reservoir at T 0 = 295 K. We then displaced the probe toward the heated substrate by piezoelectric actuation until we reached an electrical conductance of 4G 0 , with G 0 = 2e 2 /h ≈ (12.9 kiloohm) -1 being the electrical conductance quantum. This electrical conductance signals the formation of a Au-Au contact involving several atoms, as established by past work (4). We measured the probe-substrate electrical conductance by applying a small sinusoidal voltage bias with an amplitude of 1 mV at a frequency of 10 kHz and recording the amplitude of the resultant electric current with a lock-in amplifier (20) . Once we reached the threshold conductance, we withdrew the probe slowly from the substrate at a rate of 0.05 nm/s. During this process, the probe-substrate contact region is expected to become more constricted until it forms a single-atom-wide junction, which is broken upon further withdrawal (Fig. 1B) (23) . We concurrently performed thermal conductance measurements by continuously measuring the change in probe temperature (DT P ) in response to heat flow (Q) through the atomic junction. We measured the probe temperature by monitoring the change in the resistance of the embedded Pt resistance thermometer via a sinusoidal electrical current of fixed amplitude (10 mA) and frequency (1 kHz) supplied to the probe, while measuring the voltage drop across the resistor. From the resistance network ( Fig. 1A) , we directly related the thermal conductance (G Th ) of the atomic junctions to DT P by G Th = DT P /[R P (T S -T 0 -DT P )], where R P was 1.3 × 10 6 K/W (20) . Representative thermal (red) and electrical conductance (blue) traces show that the electrical conductance decreases in discrete steps ( Fig. 2A) . Many of the curves exhibit preferential conductance values that occur at integer multiples of G 0 , as expected from past work (4). The corresponding thermal conductance curves closely correlate to the electrical conductance curves. Further, several of the thermal conductance curves show steps with preferential conductances at 2p
T/3h, a value that is twice the quantum of thermal conductance (G 0,Th ). The factor of 2 is a consequence of the spin degeneracy in electron transport and is not present in the usual definition of G 0,Th because it was introduced in the context of phonon transport, where spin degeneracy is absent.
Past studies (24-26) on electrical conductance quantization established that the presence of plateaus in the conductance traces is insufficient evidence of quantization. Definitive conductance quantization requires an unbiased statistical analysis from a large data set. We obtained~2000 consecutive electrical and thermal conductance traces with the procedure outlined above, which yielded electrical and thermal conductance histograms with clear peaks at 1G 0 and 2G 0,Th , respectively (Fig. 2, C and D) . The thermal conductance histogram is broader than its electrical counterpart because the time constant for our thermal measurements (~25 ms) (20) is larger than that for our electrical measurements (~10 ms).
The close correlation between the thermal and electrical conductances ( Fig. 2A) provides important information regarding the validity of the Wiedemann-Franz law, which relates the electronic contribution of the thermal conductance, G Th,e , to the electrical conductance, G e , by G Th,e = L 0 TG e , where L 0 = (p 2 /3)(k B /e) 2 is the Lorenz number (27) . Because this basic law was originally derived with semiclassical arguments and is approximately obeyed in macroscopic wires of standard metals (27) , it is unclear whether it should remain valid in metallic atomic junctions, where the transport mechanisms are different (28) . To test the validity of the Wiedemann-Franz law in atomic junctions, we used the data in Fig.  2A to obtain the Lorenz ratio, L/L 0 = G Th /L 0 G e T, as a function of G e . Here, T = 305 K is the average temperature of the tip and the sample. This process was repeated for each set of curves shown in Fig. 2A , and the data from all four curves were collected into the two-dimensional (2D) histogram shown in Fig. 2B (20) . It is clear from the data that the value of L/L 0 is very close to 1.
We plotted a 3D histogram from 2000 concurrently measured electrical and thermal conductance traces, without any data selection (Fig. 2E ) (20) . The histogram features a large peak corresponding to (G 0 , 2G 0,Th ), showing that the electrical and thermal conductance quantization occurs concurrently and that the quantized state is a statistically favored atomic configuration. This close correlation is also reflected in the 2D histogram (Fig. 2F) , where we computed L/L 0 = G Th /L 0 G e T = 1.06 as mean value from the 2000 traces (20) . The small increase above 1.00 is primarily due to contributions from phonons to the thermal conductance, which we estimate to add~5 to 10% (see below). The increase in L/L 0 could also reflect small contributions (~10 to 20 pW/K) from nearfield radiative heat transfer (29) and even smaller contributions from the overestimation of the thermal conductance during periods of rapid transition in the electrical conductance, when the thermal response lags the electrical response.
To unambiguously identify the origin of our quantization observations, we used customdeveloped methods to compute the thermal and electrical conductance of Au atomic-size contacts within the framework of the Landauer-Büttiker formalism for coherent transport. We exactly simulated the experiments by using a combination of molecular dynamics (MD) (11, 30, 31) , density functional theory (DFT) (32, 33) , and nonequilibrium Green's function techniques to describe the contributions of both electrons and phonons to the thermal conductance (20) . Our MD simulations (movies S1 to S6) show that when the electrical conductance is G 0, the atomic junction typically has an atomic "dimer" bridge geometry, similar to that shown in the inset of Fig. 3A . Our DFT-based calculations (Fig. 3A) for the electrical and thermal transport for a dimer geometry show that the thermal conductance at room temperature is dominated by the electronic contribution, with phonons giving only~4% of the total signal, which is similar to the case of bulk Au wires (34) . We also found that the electronic contribution at room temperature in this example is G Th,e ≈ 0.59 nW/K, which is close to twice the thermal conductance quantum. The reason for this quantized thermal conductance is apparent from Fig. 3B , where we show that electronic transmission is dominated by a single (spin-degenerate) conduction channel and has a value very close to 1. This fact, taken together with the smooth energy dependence of the electronic transmission around the Fermi energy (20) , leads to excellent agreement with the Wiedemann-Franz law: G Th,e ≈ L 0 TG e ≈ 2G 0,Th . Therefore, we conclude that for one-atom Au junctions, the observed thermal conductance quantization is intricately linked to the electronic structure of this monovalent metal.
Having established the origin of thermal conductance quantization and the small contribution of phonons, we focused on the analysis of G Th,e to systematically study the validity of the Wiedemann-Franz law for Au contacts of arbitrary size. For this purpose, we performed 100 simulations of the formation of Au junctions at 300 K while computing the electrical and thermal conductance for the transient geometries. We present histograms constructed from the electrical and thermal conductance traces (Fig. 3C) . The electrical conductance histogram is dominated by a peak close to 1G 0 , which is due to preferential formation of one-atom-thick contacts and short atomic chains (11) . The corresponding histogram for the thermal conductance (normalized by 2G 0,Th ) shows a very close correlation with the electrical one. Therefore, the Wiedemann-Franz law, G Th,e ≈ L 0 TG e , holds almost exactly, irrespective of the electrical conductance value (i.e., contact size) (Fig. 3D) . Although some fine details of the experimental histograms are not reproduced, these computational results are in excellent agreement with our experiments (Fig. 2) and provide compelling evidence that the quantized thermal transport that we observed corresponds to Au single-atom junctions and is not affected by surface contaminants, which are known to plague nano-gap thermal transport measurements (29) .
The observed thermal conductance quantization in Au junctions is a direct consequence of the electronic structure of these junctions, which in turn is also responsible for the validity of the Wiedemann-Franz law. However, the opposite is not true: The validity of the Wiedemann-Franz law is a consequence of the smooth energy dependence of the electronic transmission (35, 36) , but this does not imply that thermal transport is quantized in all cases. For example, our simulations of the Pt atomic junctions suggest that although the electrical and thermal conductance traces show discrete steps and are in agreement with the Wiedemann-Franz law (Fig. 4A) , one should not expect electrical or thermal conductance quantization (20) . Even a single-atom contact of Pt sustains multiple conduction channels with intermediate transmissions between 0 and 1 that contribute to the transport properties (Fig. 4B) , which is at variance with the Au case. These additional channels originate from the contribution of d-orbitals in Pt (11) . Further, our simulations show that the electrical and thermal conductance histograms for Pt are relatively featureless and that there are no strongly preferred conductance values at room temperature (20) .
To unambiguously test these predictions, we performed measurements with a Pt-coated scanning probe and a Pt substrate, using the same methodology that we used for Au atom junctions. The measured electrical and thermal conductance traces (Fig. 4C) show plateaus. A histogram-based analysis of 100 Pt traces (Fig. 4D) revealed that the Lorenz ratio is very close to 1 and therefore obeys the Wiedemann-Franz law. However, histograms of electrical and thermal conductance traces do not show conductance quantization (20) , in agreement with our computational predictions. This demonstrates that thermal conductance quantization is not a universal feature of all metallic systems at room temperature.
Our work provides insights into thermal transport in atomic-size Au and Pt contacts and reveals conductance quantization at room temperature in Au atom junctions. We have also established the applicability of the Wiedemann-Franz law for analyzing thermal transport in metallic atomic-size contacts. The scanning calorimetric probes described here will enable thermal transport studies in molecular junctions, 1D chains of atoms, and individual polymer chains, all of which have been studied theoretically and computationally for more than half a century (13, 37) but have not been probed experimentally because of the lack of experimental tools. fig. S10 (20) .
